Thermolysin-like proteases (TLPs), a large group of zinc metalloproteases, are synthesized as inactive precursors. TLPs with a long propeptide (∼200 residues) undergo maturation following autoprocessing through an elusive molecular mechanism. We report the first two crystal structures for the autoprocessed complexes of a typical TLP, MCP-02. In the autoprocessed complex, Ala205 shifts upward by 33 Å from the previously covalently linked residue, His204, indicating that, following autocleavage of the peptide bond between His204 and Ala205, a large conformational change from the zymogen to the autoprocessed complex occurs. The eight N-terminal residues (residues Ala205-Gly212) of the catalytic domain form a new β-strand, nestling into two other β-strands. Simultaneously, the apparent T m of the autoprocessed complex increases 20°C compared to that of the zymogen. The stepwise degradation of the propeptide begins with two sequential cuttings at Ser49-Val50 and Gly57-Leu58, which lead to the disassembly of the propeptide and the formation of mature MCP-02. Our findings give new insights into the molecular mechanism of TLP maturation.
T he thermolysin (M4) family is comprised of a large number of zinc metalloproteases in the subclan MA(E), most of which have similar sequences and domain structures (1) . The representative member of this family is thermolysin (EC 3.4.24.27), a 34.6-kDa thermostable metalloprotease secreted by Bacillus thermoproteolyticus (2) . The amino acid sequence and the threedimensional structure of thermolysin were first determined in 1972 (3, 4) . Since then, thermolysin and thermolysin-like proteases (TLPs) have been used as models in studying zinc metalloproteases (5, 6) .
TLPs are widely distributed in many species of microorganisms, and many TLPs are regarded as key pathogenesis factors that are responsible for some severe bacterial infections (7) . For example, λ-toxin from Clostridium perfringens can degrade various human immune defense proteins (8) . Vibriolysin from Vibrio vulnificus (9) and pseudolysin from Pseudomonas aeruginosa (10) can be lethally blood-poisonous to humans. Therefore, understanding the catalytic and maturation mechanisms of TLPs is very important for developing therapeutics to treat such infectious diseases.
TLPs are synthesized as a precursor with a propeptide. TLPs are divided into two distinct groups according to the primary structure of their propeptides. Less than 30% of the total TLPs have short propeptides (∼50 residues), and more than 70% of TLPs have long propeptides (∼200 residues) (11, 12) . The long propeptide in TLPs contains two distinguished regions of conservation: an FTP (fungalysin/thermolysin propeptide) domain and a PepSY [peptidase propeptide and YPEB (a protein encoded by Bacillus subtilis ypeB gene)] domain. To date, the PepSY domain has been found not only in TLPs, but also in many nonpeptidase proteins, wherein the presence of this domain may prevent detrimental protease activity (13) . How it functions, however, is still unknown. Biochemical studies have revealed that the maturation of TLPs occurs through autoprocessing and that this autoprocessing pathway is mediated by the propeptide (14, 15) . The propeptide in TLPs and in some serine proteases is also referred to as an intramolecular chaperone (IMC), as it is essential for the folding of the catalytic domain but is not required for its function (16) . In some serine proteases, such as subtilisin, the structures of the three maturation states have been solved, namely, those of the unautoprocessed zymogen, the autoprocessed complex, and the mature enzyme (17, 18) . The propeptide-mediated autoprocessing pathways of these enzymes have therefore been studied in great detail (19) . Until now, however, no structure of either unautoprocessed or autoprocessed TLPs with a long propeptide has been solved. As a result, the molecular mechanism of TLP autoprocessing and the accurate role of these long propeptides have remained unclear.
In this paper, vibriolysin MCP-02 ( Fig. 1A ) (GenBank accession no. ABL06977), a typical TLP isolated from Pseudoalteromonas sp. SM9913 (20) , is used as a model to investigate the TLP autoprocessing mechanism. By expressing MCP-02 [without the C-terminal PPC (bacterial prepeptidase C-terminal domain) domains] in Escherichia coli, we analyzed the maturation pathway of MCP-02 and solved the structures of two autoprocessed complexes of MCP-02, each with different mutations. Based on the crystal structures, biochemical evidence, and structural-simulation analysis, we elucidated the molecular mechanism for MCP-02 autoprocessing. All of our results show that MCP-02 adopts a unique and highly regulated autoprocessing pathway driven by the activation of the catalytic site. Finally, we proposed a previously undescribed model for the propeptide-mediated autoprocessing pathway of the zinc metalloproteases in the thermolysin family.
Results and Discussion
Time Course of the Maturation Process for MCP-02. Only a trace amount of the unautoprocessed zymogen was detected when the purified MCP-02 zymogen (residues 25-519, without two PPC domains) from the periplasmic space of E. coli was analyzed by SDS-PAGE. Most of the protein existed as two bands, which indicates that the MCP-02 zymogen had already autoprocessed into an inhibited autoprocessed complex (Fig. 1B, lane 2) . This This article is a PNAS Direct Submission.
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This article contains supporting information online at www.pnas.org/lookup/suppl/ doi:10.1073/pnas.1005681107/-/DCSupplemental. result suggests that the MCP-02 zymogen is metastable and is prone to form an autoprocessed complex. When the purified autoprocessed complex was incubated at 37°C, it underwent several autocatalytic cleavages, with the propeptide being gradually degraded over 2 h (Fig. 1B, lanes 3-5) . All of the stainable propeptides, together with the derivative fragments, were analyzed by N-terminal sequencing, which revealed that two cutting sites on the propeptide are located at Ser49-Val50 and Gly57-Leu58. Further 12-h incubation led to a C-terminal cleavage of the catalytic domain (Fig. 1B, lane 6) . N-terminal sequencing and mass spectrometry showed that the mature enzyme had an autolysis on its C terminus with the last nine residues being removed (Fig. S1A) . However, this autolysis had no obvious impact on its protease activity (Fig. S1B ).
Structural Analysis of the Mature MCP-02. To analyze the maturation mechanism of MCP-02, we first determined the crystal structure of mature MCP-02 to 1.7 Å (Fig. 2A) . The overall structure of MCP-02 consists of a β-strand-rich N-terminal domain (NTD) and an α-helix-bundled C-terminal domain (CTD), similar to that of thermolysin (Fig. S2A) . The NTD and the CTD are linked through a central α-helix that provides several key residues in a conserved HEXXH motif ( Fig. 2A) . The central zinc atom in MCP-02 is coordinated by three invariable residues: His345 and His349 from the HEXXH motif, as well as Glu369. The fourth ligand of zinc is an activated water molecule that acts as the nucleophile during catalysis (21) . The catalytic residue Glu346, the second residue in the HEXXH motif, binds through a carboxylate oxygen to the activated water molecule (21) .
The entrance to the catalytic zinc is a deep and narrow cleft between the NTD and the CTD (Fig. S2B) . Adjacent to the zinc in this cleft is the S1 0 substrate binding subsite, which is the main substrate specificity determinant (22) . In MCP-02, the S1 0 subsite is a deep pocket surrounded by several hydrophobic residues (Fig. S2B) , indicating that this pocket may accommodate the hydrophobic side chains of P1 0 residues during peptide degradation.
The Structure of the MCP-02 Autoprocessed Complex. Because of the metastability of the unautoprocessed zymogen and the autoprocessed complex of MCP-02, several site-directed mutations were made to the residues surrounding the central zinc to stabilize these two intermediate states (Table S1 ). Finally, the crystal structures for the E346A complex and the E369A complex were successfully determined at 2.6-and 2.05-Å resolutions, respectively. These two structures are almost identical, with an rmsd of only 0.190 Å (Fig. S2C) , indicating that the two site-directed mutations had little effect on the overall structure. It is surprising to find that, due to the absence of Glu369 ligand to the zinc in the E369A mutant complex, the side chain of the conserved His428 adopts a dramatic flip (up to 25°) toward the zinc to become a new ligand (Fig. S2D ). This unexpected finding explains why loss of the glutamate side chain in the E369A mutant failed to lead to the loss of the central zinc, and sequentially cause the mutant to become completely insoluble, as was the case for the other two ligand mutants, H345A and H349A (Table S1 ). Because of the significant change in the catalytic site of the E369A complex and the high similarity in the overall structure of the E369A and E346A complexes, the analyses of the MCP-02 autoprocessed complexes mentioned below are based on the E346A complex, unless otherwise noted.
The structure of the catalytic domain in the autoprocessed complex is superposed on the structure of the mature MCP-02 with an rmsd of only 0.296 Å, indicating that the catalytic domain is fully folded in the MCP-02 autoprocessed complex.
The 180-residue propeptide in the MCP-02 autoprocessed complex is an α and β protein made up of two globular domains, FTP and PepSY. The FTP and PepSY domains are connected by a rigid hinge to form a large "C" shape surrounding the CTD of the catalytic domain (Fig. 2B) . The alpha-lytic protease also has a C-shape propeptide (23) , but the interfaces between the propeptide and the catalytic domain for the two proteases are different. The concave surfaces of both the FTP and PepSY domains are lined by four antiparallel β-strands, whereas their convex centers consist of two α-helices packed against the above β-sheets to form the hydrophobic core. Structural comparison using SCOP (24) revealed that both the FTP and PepSY domains adopt the same Ferredoxin-like fold (Fig. S3) , and thus we are contributing two previously undescribed protein domains to this α and β protein class.
The interface between the propeptide and the catalytic domain is rather large, with a buried surface area up to 1541.98 Å 2 (Fig. 2B) . The interface contribution from the propeptide is highly positively charged, whereas that from the CTD is negatively charged (Fig. 2B) . Most of the forces connecting the propeptide with the catalytic domain result from the complicated network of hydrogen bonds and salt bridges between the β-sheets of the FTP domain and the CTD (Fig. 2D) . Among the interface residues, the side chain of Arg80 from the FTP domain inserts into an α-helix terminus of the CTD, contributing four side-chain to main-chain hydrogen bonds (Fig. 2D) . Interestingly, Arg80 belongs to a conserved RY motif that may contribute to the folding of the protease and its secretion (15, 25) . Two mutations R80V and R80D led to low solubility of the whole enzyme, suggesting that Arg80 may play a significant role in the folding of MCP-02. Tyr81, the second residue of the RY motif in MCP-02, is the most crucial residue for stabilizing the FTP domain, forming the center of the hydrophobic core (Fig. 2C) . Although the two residues in the RY motif are not strictly conserved and can be replaced with TL, KL, RL, RF, or RM in different subfamilies (15) , the first residue is always a hydrogen-bond-forming residue, and the second is a hydrophobic residue that can form a hydrophobic center. This relative conservation implies that the function of the RY motif is invariant.
Another relatively weaker interface is located between an extended loop of the PepSY domain and the NTD, with five hydrogen bonds formed between the PepSY domain (Tyr177, Gly178, and Arg183) and the catalytic domain (Thr253, Tyr301, Asp321, and Glu353) (Fig. 2E) . Near Leu202, a hydrophobic interaction is also identified (Fig. 2E) . Sequence alignment showed that most of the hydrophobic residues involved in this hydrophobic interaction are well conserved among TLPs (Fig. S4) , suggesting that this hydrophobic interaction may be ubiquitous among TLPs.
Inhibition of the Catalytic Domain by the Propeptide. After the first autocleavage on the protease zymogen, the propeptide becomes an inhibitor to the catalytic domain (26) . In the MCP-02 autoprocessed complex, the C terminus of the propeptide inserts into the catalytic cleft, and the carboxyl group of the last residue (His204) replaces the activated water molecule in the mature enzyme (Fig. 3A) , acting as a monodentate ligand to zinc. The loss of this water molecule, the nucleophile during peptide hydrolysis, results in the inhibition of protease activity of the catalytic domain. The inhibitory effect may also result from insertion of the propeptide C terminus, which can block the catalytic cleft where the substrate binds.
Gel filtration analysis revealed that the separately expressed propeptide (residues 1-204) could interact strongly with the catalytic domain (Fig. S5A) . Using BSA as a substrate, the separately expressed propeptide had a strong inhibitory effect on the activity of the mature MCP-02 (Fig. S5B) , whereas the inhibitory effect was lost when the last two or four residues of the propeptide were truncated (Fig. 3C) . These results confirmed the significant role of the last residue, His204, in inhibiting the catalytic domain. The last two residues of the propeptide, Gln203 and His204, lie deep within the catalytic cleft (Fig. 3B) . The main interaction that holds the C terminus of the propeptide within the catalytic cleft results from the short antiparallel β-sheets between Gln203 and His204 in the propeptide, and Trp320 and Phe319 in the catalytic domain.
To elucidate the structural determinants for propeptide inhibition, further mutational analysis was performed on the separately The relative inhibitory effect of each propeptide mutant is shown as the percentage of its inhibitory effect to that of the WT propeptide. The inhibitory effect of the WT propeptide is defined as 100%. Pep-Trefers to the propeptide with truncation Thr176-Ser182. In this assay, the BSA (1 mg∕mL) was used as substrate. The concentration of the protease used was 100 nM, and the concentration of the propeptide and its derivative mutants was 10 μM. expressed propeptide. These mutants can be divided into two groups. Group one mutations (N31A, R80V, R80D, and Y81A) were carried out on the binding interface of the FTP domain (Fig. 2D) . Group two mutations (Pep-T, P181A, P181D, R183E, L202A, and L202D) were located on the extended binding loop of the PepSY domain (Fig. 2E) . As shown in Fig. 3C , the propeptides with the group two mutations showed a much weaker inhibitory effect than the propeptides with the group one mutations. This indicates that any destruction of the C-terminal part of the propeptide would lead to a reduction of the inhibitory effect. The individual FTP or PepSY domain showed little inhibitory effect on the catalytic domain.
Large Changes in Conformation and Thermostability of MCP-02 During
Conversion from the Zymogen to the Autoprocessed Complex. The metastability of the unautoprocessed zymogen suggests that the catalytic domain in the unautoprocessed zymogen already has a basal level of protease activity, which enables it to perform the first autocleavage between His204 and Ala205. A loss-offunction mutation, A205P, partially blocked this autoprocessing (Table S1 ), demonstrating that Ala205 is at the S1 0 subsite in the catalytic cleft of the zymogen.
In the autoprocessed complex, Ala205 shifts upward by 33 Å from the previously covalently linked residue, His204 (Fig. 4A ). This shift indicates that, following autocleavage of the peptide bond between His204 and Ala205, a large conformational change from the zymogen to the autoprocessed complex occurs (Fig. 4A) . Surprisingly, the eight N-terminal residues (residues 205-212) of the catalytic domain form a β-strand (β1), nestling itself into two other β-strands (Fig. 4A) . The proximal region of β1, which may be involved in this conformational mobility, is a relatively independent motif located at the N terminus of the catalytic domain (Fig. 4A) . The core of this motif is an up-and-down β-barrel-like scaffold made up of β-strands 1, 3, 5, and 6 (Fig. 4A, Right) . By searching with the DALI server (27), we found that this scaffold is conserved in other structured TLP members with an rmsd ranging from 0.8 to 2.2 Å (Fig. S6) , indicating that the N-terminal conformational change during maturation is probably common in TLP members.
To further clarify these conformational changes, we simulated the structure of the unautoprocessed zymogen, whose peptide bond between His204 and Ala205 was intact (Fig. 4B ). The final model we selected had the lowest free energy (only potential energy and free energy of solvation were calculated here).
To support the simulation data, we performed far-UV CD analysis, which showed that the autoprocessed complex and the unautoprocessed zymogen of MCP-02 have very similar secondary structures (Fig. S7) . This is in agreement with the highly identical overall structures of the simulated zymogen and the autoprocessed complex. However, their thermal denaturation temperatures were found to be significantly different (Fig. 4C) . The MCP-02 unautoprocessed zymogen had a broad denaturation temperature range from 35 to 70°C with an apparent T m of 50°C, while the MCP-02 autoprocessed complex displayed a narrow denaturation temperature range from 60 to 77°C with a higher apparent T m of 70°C (Fig. 4C) . The rather low denaturation temperature of the unautoprocessed zymogen indicates that it is kinetically trapped in a high-energy state and that conformational changes in MCP-02 from the unautoprocessed zymogen to the autoprocessed complex may arise from free-energy transformation.
Similar conformational changes were reported for subtilisin BPN 0 , a bacterial serine protease (17) . The first autocleavage on the prosubtilisin BPN 0 led to a 25-Å rearrangement at the N terminus of its catalytic domain. And a modeling study revealed that the N-terminal ten residues of the catalytic domain of subtilisin BPN 0 might endure a β-to-α conformational change (17) . However, in the MCP-02 zymogen conversion, these conformational changes were predicted as a β-to-β transition driven by free-energy transformation. And the rearrangement at the N terminus of the catalytic domain is likely greater than the corresponding movement in subtilisin BPN 0 .
Stepwise Degradation of the Propeptide in the MCP-02 Autoprocessed
Complex. The catalytic domain can be released from the inhibited state spontaneously after the propeptide is degraded in trans (25) . An SDS-PAGE time-course analysis of MCP-02 maturation showed that the degradation of the propeptide in the MCP-02 autoprocessed complex can be divided into three main steps (Fig. 1B) . The two cutting sites are located at Ser49-Val50 and Gly57-Leu58, and both are in the flexible external loop regions (Fig. 5A) , which may aid in the propeptide degradation. The two hydrophobic residues at P1 0 , Val50 and Leu58, which may fit into the S1 0 substrate binding pocket of the catalytic domain, are important for the first two cuttings on the propeptide, which was confirmed when two mutations, V50P and L58P, blocked the propeptide degradation (Fig. 5B) . This mutation analysis also indicated that these two cutting sites were the first two cutting sites during the propeptide degradation, as the Val50 and Leu58 to Pro mutations blocked the propeptide degradation sequentially. The region between the two cutting sites is a short α-helix, which forms a part of the hydrophobic center in the FTP domain (Fig. 5A) . The two cleavages lead to the destruction of the hydrophobic core in the FTP domain. As the FTP domain contributes to the majority of the interaction between the propeptide and the catalytic domain, these cuts result in the structural disassembly of the propeptide and the release of the propeptide fragments from the catalytic domain. This was verified by gel filtration followed by SDS-PAGE analysis, which showed that only the intact propeptide and the propeptide fragment after cleavage at site 1 (Val50-His204) could bind to the catalytic domain (Fig. S8) . The released propeptide fragments were degraded nonspecifically, resulting in bands smaller than 15 kDa, which appeared as a smear on an SDS-PAGE gel (Fig. 1B) . These results also showed that the protease can cut its propeptide randomly and easily after the autoprocessed complex is dissociated. Taken together, the results of these biochemical studies explain how TLPs degrade their propeptide efficiently.
The Autoprocessing Mechanism of MCP-02. Taking all of our results together, it can be concluded that the MCP-02 autoprocessing pathway is a combination of the activation of the catalytic site and changes in the interaction between the propeptide and the catalytic domain (Fig. 6) . Starting with the newly synthesized polypeptide, the long propeptide, acting as an IMC, mediates the folding of the MCP-02 polypeptide into an unautoprocessed zymogen (Fig. 6, Top Right) . In this zymogen, the propeptide docks into the catalytic cleft.
Subsequently, the propeptide is cut off by autocleavage between His204 and Ala205 and becomes an inhibitor through coordination with the central zinc. The E346A and E369A mutations stabilize this "carboxylate-enzyme complex" intermediate state (Fig. 6, Lower Right) . Subsequently, a conformational change occurs to release the N terminus of the mature protein from the catalytic site (Fig. 6, Lower Right) . In the last step, the propeptide is degraded beginning with two special cleavages at site 1 (Val50) and site 2 (Leu58), which lead to disassembly of the FTP domain. Simultaneously, the carboxylate end releases from the catalytic cleft and a water molecule occupies the fourth coordinating site on the zinc (Fig. 6 , Lower Left) to form the active enzyme.
As most M4 metalloproteases in the thermolysin family have similar sequences and structural composition (7, 11) , our structural comparison and sequence alignment data (Fig. 2D and Figs. S2A, S6, and S9) allow us to conclude that most TLPs with a long propeptide probably share a similar maturation pathway. In this paper, we describe the structure-based autoprocessing mechanism of this representative metalloprotease family, which aids understanding in the molecular mechanism of metalloprotease maturation and evolution.
Materials and Methods
Protein Expression and Purification. The MCP-02 gene (residues 1-519) excluding the two PPC domains and its mutants were generated by PCR-based methods and verified by sequencing. The target genes were expressed with either the pET21b or pET22b vectors (Novagen) in E. coli BL21 (DE3). The proteins were first purified on NiNTA resin (Qiagen) and then further fractionated by anion ion exchange source 15Q and gel filtration Superdex 200 (Pharmacia) until they were homogeneous.
The freshly purified E346A mutant remained in an unautoprocessed zymogen for 1 d at room temperature and would convert into the autoprocessed complex over a week. Although tens of different mutation combinations were tried, we still failed to get the stable unautoprocessed zymogen for crystallization. The E369A mutant was a stable autoprocessed complex, and further incubation led to no detectable changes.
Crystallization, Data Collection, Structure Determination, and Refinement. All of the crystals were obtained using the hanging-drop vapor-diffusion method with 2-μL protein mixed with a 2-μL well solution. The protein concentration was approximately 10 mg∕mL. All of the data were collected at the Institute of Biophysics, Chinese Academy of Science, and processed with the HKL2000 program suite.
The structure of mature MCP-02 was solved by molecular replacement using Phaser with a starting model of Pseudolysin (PDB ID code 1EZM) (28) . For the structure of the E369A autoprocessed complex, the catalytic domain was determined by molecular replacement. As no homologous structure was solved for the propeptide of MCP-02, the model was built automatically by Arp/warp in the CCP4i program package (29) . The E346A structure was obtained using molecular replacement with the E369A complex as the model. Refinement of the structures was carried out using the programs Coot (30) and REFMAC5 (31) , and all three structures were refined to high quality (Table S2) .
Protease Activity Assay. The protease activity assay was carried out at 37°C in a buffer containing 10 mM Tris (pH 8.0) and 150 mM NaCl. The substrate used in this assay was 0.2 mg∕mL BSA. The incubation time was usually 5 to 30 min, depending on the protease activity. After reaction, the samples were immediately incubated at 98°C for 10 min. All of the samples were analyzed by 15% SDS-PAGE followed by Coomassie blue staining and quantified by Quantity One (BIO-RAD).
Circular Dichroism and Thermal Denaturation Analysis. CD measurements were performed on an automated PiStar stop-flow spectrophotometer (Applied Photophysics) at 25°C. The spectra were collected from 260 to 195 nm with a path length of 0.1 cm, at a protein concentration of 0.1 mg∕mL. In the thermal denaturation measurements, the temperatures were increased from 20 to 90°C at 1-°C intervals, and a 10-s equilibration was performed at each temperature. The CD absorbance of each temperature was collected at 222 nm.
Analysis of the Propeptide-Catalytic Domain Interaction. The gel filtration assay to test the interaction between the purified E369A catalytic domain Fig. 6 . The schematic diagrams of the autoprocessing pathway of the zinc metalloprotease MCP-02. From newly synthesized polypeptide to unautoprocessed zymogen, the propeptide binds to the catalytic domain with both of the FTP and PepSY domains. After the first autocleavage, the C terminus of the propeptide alters its binding mode and becomes an inhibitor to the catalytic domain, and then an energy-driven transition occurs, releasing the N terminus of catalytic domain from the catalytic cleft. The degradation of the propeptide starts with cleavages at site 1 and site 2, which are located at the two ends of a short α-helix. These two cuttings result in disassembly of the FTP domain and release of the propeptide from the catalytic domain, which leads to the activation of the protease. The red dot represents the catalytic center of MCP-02. and the expressed propeptide was performed on a Superdex 200 (Pharmacia) column at 4°C with an elution buffer containing 10 mM Tris (pH 8.0) and 150 mM NaCl. The concentration ratio of the E369A catalytic domain and the propeptide was 1∶5.
To assay the expressed propeptide degradation by mature MCP-02, the time-course mixture of the expressed propeptide and mature MCP-02 (2∶1) was loaded on a Superdex 75 (Pharmacia) column and eluted at 4°C with buffer containing 10 mM Tris (pH 8.0) and 150 mM NaCl. Samples collected from relevant fractions were separated by 15% SDS-PAGE and visualized by Coomassie blue staining.
Structure Simulation of the Unautoprocessed Zymogen. The zymogen model was simulated from the autoprocessed complex (with residues 25-48 truncated), and the broken peptide bond between His204 and Ala205 was reconnected by loop modeling using our in-house program. The side chains were then repacked using SCWRL3 program (32) . The models were then optimized by CHARMM (33), using a consistent GBSW implicit solvent model (34) based on the all-atom CHARMM22/CMAP force field (35) . We used a simple method to consider zinc and protein interactions (36) and applied harmonic restraints between zinc and the histidine residues in the coordination site with a decreasing restraint constant gradually. After the optimization, we removed all the restraints and evaluated the potential and generalized born free energy for the system. A total of 45 structures were found with a reasonable distance between the coordinated oxygen or nitrogen atoms and the zinc (37) . It is interesting that the carboxide oxygen atoms are always coordinated with zinc ions in all cases. Finally we chose the structure with the lowest energy as the unautoprocessed zymogen model. In fact, the 45 structures are all in one cluster with a Cα rmsd cutoff of 2.0 Å.
